Abstract." An efficient transposon mutagenesis system using conjugative transposons Tn916 and Tn925::Tn917 was established for Clostridium aeetobutylicum P262, an industrial strain which has proved difficult to manipulate genetically. Transposon insertions occurred at several different locations to produce a variety of mutants. An oligosporogenous mutant deficient in acetone and butanol production, and two sporulation-deficient and metronidazole resistant mutants were characterized with respect to differentiation and solvent production. Tn925::Tn917 inserted near a string of adenosine residues and transposon insertion was often multiple.
Introduction
Research on Clostridium acetobutylicum is ultimately geared towards optimising biofermentation of acetone and butanol. C. acetobutylicum P262 is the most efficient natural solvent-producer of the C. acetobutylicum strains [1] , yet this industrially important species is recalcitrant to most genetic manipulation procedures. In both these respects, C. acetobutylicum P262 differs markedly from the other C. acetobutylicum 344 P262. In screening transposon-generated mutants, we have used metronidazole resistance [6] and sporulation deficiency [7] as selection systems for the isolation of electron transport and solventogenesis regulation mutants.
Materials and Methods

Strains and media
The bacterial strains and plasmids used in this study are shown in Table 1 . C. acetobutylicum was grown under strictly anaerobic conditions in an anaerobic cabinet (Forma Scientific Inc, Marietta, OH). Buffered Clostridial Basal Medium (CBM) has been described previously [12] . BC Table 1 Bacterial strains and plasmids medium was BASOL medium [13] supplemented with 1% (w/v) xylose and 1% (w/v) HY-Case (Sigma). MFM was Molasses Fermentation Medium [14] . TYG medium contained per l: glucose 60 g, yeast extract 2 g, tryptone, 6 g, MgSO 4 • 7H20 0.2 g, MnSO4.4H20 10 mg, FeSO 4-7H20 10 mg, p-aminobenzoic acid 2 mg, biotin 0.1 mg, KHzPO 4 5 g, diammonium hydrogen phosphate 0.6 g, pH adjusted to 6.2 with NaHCO 3.
E. faecalis was grown aerobically in Elliker Broth
(EB) (Difco) or on Luria-Bertani (LB) agar plates [15] . For the selection of Enterococcus strains, tetracycline (Tc) and erythromycin (Em) were used at 10 and 50 /xg m1-1 respectively. The minimal inhibitory concentration (MIC) of C. [9] [111 National Chemical Products Pty (Ltd) This study
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This study This study sporulation proficient; spo-, asporogenous; spo +/ , oligosporogenous; solv +, proficient in solvent (acetone and butanol) production; solv-, deficient in solvent production; * see text for explanation. zole (Mt) was 20, 10 and 50 ng ml-~ respectively. For selection, Tc, Em and Mt were used at 1, 1 and 0.1 /zg m1-1 respectively.
Mating procedure
Samples (100 ml) of early to middle exponentially growing cultures of donor and recipient strains were spread onto a BC plate (which was selective for the recipient) without washing. The plate was then incubated at 37°C for 8 to 24 h. The cells were resuspended in 2 ml of anaerobic water and samples plated on BC agar containing Tc to select for transconjugants.
Morphology and end-product determination
A Zeiss photomicroscope fitted with phaseand interference-optics was used to view cells. The method for determining acetate, butyrate, acetone, butanol and ethanol concentrations has been described previously [16] . Viable spores were quantified after heating aerobically at 80°C for 10 min and cooling on ice for 1 min. Granulose was detected by staining with iodine.
DNA preparation and manipulation
C. acetobutylicum chromosomal DNA was extracted using an adaptation of the method of Zappe et al. [17] . Standard procedures [15] were used for DNA manipulations and sequencing.
Results and Discussion
Conjugation
The dual mating method of Bertram and Diirre [4] , developed for C. acetobutylicum DSM 792 and DSM 1731, was unsuccessful with C. acetobutylicum P262. The plate-spread technique, however, yielded Tc resistant (TcR) transconjugants for all the donor plasmids used (up to 1.16 x 10 -3 transconjugants per recipient).
Transfer occurred on media that contained residual tetracycline and oxygen from the donor culture. Tetracycline was reported to assist in the conjugal transfer of the transposon Tn916 [18] and oxygen caused physiological stress in C. acetobutylicum [19] . These factors may therefore both be important in conjugal transfer. 
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were screened for resistance to Mt or defective sporulation. Transconjugants (250) were examined microscopically and stained for granulose production. Several phenotypes were evident: 10.5% were granulose deficient and 11.2% were sporulation deficient (spo-) mutants. A random selection of spo-mutants was tested for acid and solvent production in MFM after 72 h of incubation. The fermentation ability of these transconjugants varied from that of wild-type P262 and from one another ( Table 2 ). This suggested that the transposons Tn916 and Tn925::Tn917 were able to insert at several locations in the C. acetobutylicum P262 genome. This is in contrast to the report by Woolley et al. [5] of a preferred site of insertion for the NCIB 8052 strain. Furthermore,
Bertram et al. [20] reported that all C. acetobutylicum DSM 792 and 1731 transconjugants were spo-. The variation in transconjuganfs obtained from different C. acetobutylicum strains has reinforced the reports of diversity amongst these strains.
The C. acetobutylicum P262 mutant, m5, was oligosporogenous ( < 10 -s spores per cell in TYG medium) but deficient in solvent production. The phenotype was confirmed in MFM, TYG and CBM media. Two metronidazole resistant (MtR) mutants, 3R and 30R, were isolated from 400 transconjugants. Their" level of resistance was 346 consistently double the wild-type MIC. Transconjugant 3R was asporogenous and 30R was oligosporogenous (< 1O-5 spores per cell in TYG).
Physiological characterization of mutants
In the differentiation process of transconjugant m5, the majority of cells proceeded as far as stage II, characterised by forespore septation [21] . Differentiation of transconjugant 3R did not proceed beyond spore engulfment (stage III>. The pH, acid and solvent profiles of transconjugant 3R were comparable with those of wild-type C. acetobutylicum, whereas transconjugant m5 was deficient in solvent (acetone and butanol) production (Fig. 1) . One model for sporulation in C. acetobutylicum is that cells differentiate to overcome the toxic effects of solvents [l,lO] . Contrary to this model, transconjugant m5 initiated sporulation (stage II) without producing acetone and butanol. Mutant m5 produced ethanol (not shown), as did solvent deficient type I mutants of Bertram et al. [20] . These results support the hypothesis that the regulation of ethanol production is independent of that for acetone and butanol.
Number of transposon insertions
The number of transposon insertions was determined by Southern hybridization. Transconjugant chromosomal DNA was restricted with Hind111 endonuclease and probed with pTet ( Fig.  2A ). An anomolous 5.3 kb fragment was common to all transconjugants, implying an internal Hind111 restriction site, as previously suggested [22] . The hybridization signal for this band would therefore be proportional to the transposon copy number. This fragment was cloned (p30RO) and found to contain DNA sequence identical to Tn 917. The presence of Tn 917 was confirmed by Em resistance [lo] of the transconjugants. We concluded that the donor plasmid pCFlO* obtained from Stratz et al. [22] was in fact pINY1275, which contains the Tn925::Tn917 co-integrate [lOI.
Each band in Fig. 2A , excluding the internal 5.3 kb band, represented a distinct transposon insertion. C. acetobutylicum m5 contained three transposon insertions. The combination of transposons may have been responsible for the phenotype of C. acetobutylicum m5, making it impossible to define the relationship between genotype and phenotype.
Chromosomal DNA from C. acetobutylicum transconjugants 3R and 30R was restricted with Hind111 and X/z01 endonucleases and probed with pTn917'. Each bracketed band in Fig. 2B therefore represented a distinct transposon insertion. Mutant 3R had a single insertion and 30R had four insertions.
Cloning of the 5' transposon junction
Genebanks of C. acetobutylicum 3R and 30R were generated by restricting chromosomal DNA with EcoRI-XhoI endonucleases and ligating into Bluescript SK. Two different transposon-homologous clones (p30R1, p30R2) were identified from the C. acetobutylicum 30R genebank by colony hybridization with pTn917' as a probe, and a single clone (p3R) was identified for the C. acetobutylicum 3R genebank. Similarly, a genebank of m5 was made using HindlII and EcoRI endonucleases. Using C. acetobutylicum p3R DNA as a probe, 3 different clones (pM5.1, pM5.2 and pM5.3) were identified by colony hybridization. Under stringent conditions, no hybridization to wild-type chromosome was detected using this probe (results not shown).
Transposon junction sites of all the clones except p30R2 were sequenced in one direction using the sequencing primer 5'-CGAAAG-CATCTAGAATAAGGC-3', designed for the 5' end of Tn916 (Tn916 and Tn925 are highly ho- Transposon DNA sequences are shown in italics. Junction sites [9] are shown in bold lettering and underlined sequences are putative C. acetobutylicum hot-spots for insertion.
mologous [11] ). The transposon DNA sequence was identical for all the clones (Fig. 3) , but the junction sites varied and the flanking chromosome regions all differed, indicating different sites of insertion in the C. acetobutylicum genome.
There was a stretch of at least five adenosine residues common to all clones. 
General Conclusion
Genetic evidence supported phenotypic evidence that conjugative transposons were able to insert at various loci in C. acetobutylicum P262, and also confirmed reports of diversity amongst C. acetobutylicum strains. DNA sequence analysis showed the transposons had a preference for particular sites. The majority of transconjugants tested harboured multiple insertions, this being the major disadvantage of the system. Nevertheless, conjugative transposons provide a feasible approach for cloning and identifying genes implicated in electon transfer and solvent production.
